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. 1 . 

METHODS AND SYSTEMS FOR CORRECTION OF HYPEROPIA AND/OR 
ASTIGMATISM USING ABLATIVE RADIATION 

Background of the Invention 

5 The technical field of this invention is corneal surgery and, in particular, the 

invention relates to methods and systems for correction of hyperopia and/or astigmatism 
using ablative radiation. 

Recently, it has been demonstrated that changes in the refractive power of the 
eye can be achieved by laser ablation of the corneal surface. Such procedures, known as 

10 photorefractive keratectomy, involves the use of a nonthermal, high energy, laser 
radiation to sculpt the cornea into an ideal shaped For details, see, Marshall et al 
"Photoablative Reprofiling of the Cornea using an Excimer Laser: Photorefractive 
Keratectomy," VoL 1 , Lasers in Ophthalmology, pp. 21 -48 (1 986); and Tuft et al 
"Stromal Remodeling Following Photorefractive Keratectomy," VoL 1, Lasers in 

15 Ophthalmology, pp. 177-183 (1987), herein incorporated by reference. 

The cornea of the eye comprises transparent avascular tissue. The cornea 
functions as both a protective, anterior membrane and a "window" through which light 
passes as it proceeds to the retina. The comea is composed of a set of distinct layers: 
the outer epithelium, an anterior elastic lamina known as "Bowman's membrane," the 

20 comea proper (or "stroma"), a posterior elastic lamina known as "Descemet's 

membrane", and the inner endothelium. The stroma is fibrous and constitutes the major 
portion of the cornea. Bowman's membrane, which forms the outer elastic lamina, is a 
rigid fibrillar structure not tending to cut or fracture, while Descemefs membrane, which 
forms the inner elastic lamina, is very brittle but elastic and has a tendency to curl. 

2S Together, the Bowman's and Descemet's membranes impart the necessary curvature to 
the stromal tissue. This curvature of the comea constitutes an major component of the 
refractive power of the eye, thereby allowing objects to be imaged onto die retina. 

The average adult comea is about 0.65 mm thick at the periphery, and about 0.54 
mm thick in the center. Photorefi^ctive keratectomy involves sculpting the uppermost 

30 regions of the comea, namely, the epithelium, Bowman's membrane, and the outer 
stroma. The epithelium consists of five or six layers of cells, and the underiymg 
Bowman's membrane, is also a very thin stmcture. The comeal stroma accounts for 
about 90 percent of the comeal thickness. In performing photorefractive keratectomy 
operations on the comea, care must be taken to avoid damaging the underlying 

35 Descemet's membrane or endotheliuni. 

In photorefractive keratectomies, a laser photoablation apparatus is used to 
change the curvature of the comea, at least in the so-called "optical zone" or region of 
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the cornea through which light must pass to enter the pupil and reach the retina. The 
size of the optical zone will, of course, vary from individual to individual, and will also 
vary based upon ambient light conditions (because the pupil will dilate and contract in 
response to ambient light). The extent of the sculpted region (and the depth of ablation) 
5 will depend pn the amount of correction needed to achieve optimal vision. For example^ 
correction of relatively mild myopia (nearsightedness) on the order of 2 Diopters 
requires only a modest flattening of the corneal curvature, which can be accomplished in 
a region of small cross-sectional area (e.g., affecting a circular region of the cornea in 
front of the pupil less than 5 millimeters in diameter). However, when more 
complicated refractive errors, such as more severe myopia, hyperopia (farsightedness) or 
astigmatisms, are corrected by photorefractive keratectomy procedures, the sculpted area 
will extend across a much larger portion of the cornea, e.g., affecting a region as large as 
8 mm in diameter or more. 

One approach to performing photorefractive keratectomy procedures is to 
employ an optical system which varies the size of the exposed surface area to which the 
laser radiation is applied. In one embodiment of such a "variable exposure area** system^ 
a beam-shaping stop or window is moved axially along the beam to increase or decrease 
the region of cornea on which the laser radiation is incident. Altematively, an adjustable 
iris can be deposed in the beam path. In either approach, by progressively varying the 
size of the exposed region, a desired photdablation profile is established on the surface. 
For further details on these techniques see U.S. Patent 4,973,330 issued to Azema et al 
on November 27, 1990; and U.S. Patent 4,941,093 issued to Marshall e/ al on July 10, 
1990, herein incorporated by reference. 

Another technique for corneal reshaping involves the use of a beam-shaping 
mask which is disposed between the laser and the surface. The niask provides a 
predefined profile of resistance to erosion by laser radiation selectively absorbing some 
of the laser radiation while permitting the remainder to be transmitted to the surface in 
accordance with the mask profile. For further disclosures of such masking techniques, 
see U.S. Patent 4,856,513 issued to Muller on August, 15, 1989; U.S. Patent 4,994,058 
issued to Raven et al. on February 19, 1991; U.S. Patent 5,019,074 issued to Muller on 
May 28, 1991, and U.S. Patent No. 5,324,281, issued to Muller on June 28, 1994, all of 
which are incorporated herein by reference. 

To correct hyperopia, in particular, it is necessary to increase (steepen) the 
curvature of the cornea. Hyperopia correction, which can require significant sculpting in 
a ring-like region having a diameter of about 4 mm to 8 mm, places additional demands 
on the engineermg design of a photorefractive keratectomy apparatus, which nbmudly 
must be met by increasing the size and/or power of the laser source, increasing the 
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power of the laser to compensate for inefficiencies in beam delivery is undesirable 
because large annular beams deliver a larger total amount of energy to the cornea per 
pulse. 

Moreover, in performing hyperopia and/or astigmatic corrections, it is also often 
5 desirable to create a "blend zone" at the periphery of the sculpted region. Such blend 
zones provide an edge-smoothing effect where there would otherwise be a sharp circular 
(or elliptical) recess of a depth proportional to the magnitude of dioptric correction. 
Because sharp edges tend to induce regression of the reprofiled curvature, a blend zone 
provides an outer, profile-smoothing, region contiguous with the curvature-corrected 
10 zone. However, this blend zone further taxes the photorefractive keratectomy apparatus 
because the zone must be created, at least in part, beyond the outer edge of the sculpted 
region and therefore can extend the overall diameter of the reprofiled region to as large 
as 10 millimeters. 

In addition, the formation of a blend zone at the outer periphery of the reprofiled 
1 5 cornea typically requires a reverse procedure, at least when a movable stop is employed, 
to perform hyperopia and/or astigmatic corrections. A different type of stop may be 
used to deliver an annular pattern of radiation of progressively decreasing intensity to 
the outermost portions of the blend zone. This second stage in the procedure typically 
doubles the overall time that a patient must remain motionless with his or her eye 
20 aligned with the apparatus. 

There exists a need for a better photorefractive keratectomy apparatus for 
refractive correction of hyperopia and/or astigmatism, as well as creation of blend zones, 
without resort to larger lasers. There also exists a need for systems that can achieve 
desired blend zones at the periphery of hyperopic or astigmatic correction regions with 
25 less waste of laser energy. In addition, a photorefiractive keratectomy system that could 
facilitate simplified and/or quicker formation of peripheral blend zones would satisfy a 
long-felt need in the art. 

Summary of the Invention 

30 Methods and apparatus for corneal reprofiling are disclosed in which a beam- 

swapping assembly is employed to redirect rays of ablative radiation passing through the 
assembly. Essentially, the beam-swapping assembly turns the beam profile "inside out" 
redirecting the inner most rays to the periphery of the beam while redirecting the outer 
rays at the same time to the center of the beam. The beam-swapping assembly can be 

35 used in conjunction with a beam-shaper, such as an adjustable iris or other beam-shaping 
device, to create convoluted annular ablation patterns of variable depth and, thereby, 
perform hyperopia and/or astigmatism correcting procedures. 
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The systems and methods of the present invention are more generally useful in 
any corneal reprofiling procedures which involve applying convoluted annular patterns 
of ablative radiation onto the cornea. Such annular beams can be applied not only to 
provide hyperopia and/or astigmatism correction but also to create "blend zones" 
5 thereby reducing any surface discontinuities on the cornea associated with the correction 
procedures. 

The present invention permits ablation of the peripheral portions of the cornea in 
broad annular patterns without wasting a major component of the beam, and vdthout 
resort to larger or more powerful lasers. The term "peripheral region" or "periphery" as 

1 0 used herein with reference to the cornea is intended to describe that portion of the cornea 
which forms the boundary between the reprofiled central region of the cornea and the 
surrounding unablated region. As such, it encompasses the unablated or minimally 
ablated regions adjacent to the central portion, or optical zone, where photorefractive 
keratectomy is performed. 

15 Preferably, the systems and methods of the present invention also involve 

changing the intensity distribution of the light beam, such that the annulus of radiation - 
has a varying intensity as a function of radius and, thereby, achieves a blending effect 
with the least number of pulses. 

As used herein, the terms "annular" and "aimulus" are used to denote ring-like 

20 patterns of radiation of generally circiilar, elliptical or oval shape. 

As used herein, the term "convoluted beam" is intended to describe an ablative 
beam in which the rays of the inner segments of the beam, i.e., at a relatively larger 
distance from the optical axis, have been re-directed towards the periphery of a resulting 
beam, and in which the rays of the outer segments of the beam have been re-directed at 

25 the same time towards the center of the beam. 

As used herein, the term "variable intensity" is intended to encompass beams of 
radiation that vary in energy or fluency across their cross-section. For example, in the 
case of an annular beam, the intensity can vary radially from a higher relative intensity 
(and, hence, ablative power) at an inner segment of the ring to a lower intensity at the 

30 outer or peripheral segment of the annulus. 

Variations in ablative power of the annular beam of the present invention need 
not be linear or even unidirectional (e.g. progressively increasing or decreasing). In one 
embodiment, a non-linear variable intensity annulus of ablative radiation is disclosed 
which is particularly useful in creating the "blend zone" at the periphery of the optical 

35 zone of the cornea during a hyperopia correcting procedure. In this embodiment, the 
intensity of the ablative radiation is ideally low or close to zero at the inner segment of 
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the annulus but rapidly increases to a peak value and then progressively tapers off at the 
outer edge of the ablative ring. 

Other variations in intensity profile can be employed by those skilled in the art 
for particular applications. For example, the shape of the intensity profile can be further 
5 modified to complement the basic reprofiling procedure, such that the selected intensity 
profile and the ablation procedure achieve a cumulative effect that results in a smooth 
profile. Thus, the annular intensity profile itself might not achieve a smooth transition if 
applied alone to the cornea, but instead provides a second order effect which, when 
combined with the sculpting action of the corrective ablation operations, achieves a 

1 0 desired blending effect in the boundary region between the reprofiled region arid the 
unablated peripheral cornea. 

Accordingly, in one aspect of the invention, a photorefiractive keratectomy 
system for reprofiling a comea of a patient is disclosed including a radiation source for 
emitting a beam of ablative radiation. The system also includes a beam-shaper for 

15 receiving the beam and for varying its cross-sectional size or otherwise selectively 
transmitting at least a portion of the beam. The system further includes a beam- 
swapping assembly for modifying at least a portion of the beam passing through the 
beam-shaper to create a convoluted annular beam of radiation having an intensity profile 
which varies radially within the annulus of the beam. 

20 The beam-swapping assembly applies the aimular beam to the comea to remove 

a selected volume of corneal tissue from a region in an optical zone of the comea with 
the ablative radiation, thereby forming a reprofiled region which steepens, at least in 
part, a curvature of the cornea. 

In one embodiment of the invention, the beam-swapping assembly includes a 

25 lens element having a fi:ont face and a rear face, the fix)nt face being conical such that a 
light beam incident on the firont face along the optical axis will be refi:acted into an 
amiular beam. In another embodiment, the front face of the lens element of the beam- 
swapping assembly has a non-linear surface for varying the intensity profile of the 
annular beam. In still another embodiment of the invention, the rear face of the lens 

30 element of the beam-swapping assembly has a non-linear surface of varying the intensity 
profile of the annular beam. 

In another aspect of the invention, a class of optical elements are disclosed which 
can be used to generate the annular beams of the present invention. Such optical 
elements have a predetermined index of refraction, a first surface for receiving light and 

35 a second surface from which light exits, the optical element refracting a light beam 

incident along an optical axis into a annular beam having an intensity that varies radially 
within the annulus of the beam. In particular, lens elements are disclosed having a 
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generally conic front face and a rear face which is generally perpendicular to the path of 
the incident beam. Light passing through this optical element will be refracted into an 
annular beam. Variations in the intensity profile of the annular beam can be intnxluced 

by employing an initial beam which has a non-uniform profile, or by modifying the 
5 shape of either the front face or the rear face of the optical element. For example, by 
using an appropriately design conical front face and introducing a slight convex curve to 
the rear face, an annular beam having a progressively decreasing intensity (from inner to 
outer ring segments) can be obtained. The optical elements of the present invention can 
also be designed to provide a convoluted annular beam. 

10 In yet another aspect ofthe invention, a method of photokeratectomy for 

correction of a cornea of an eye of a patient is disclosed. The method mcludes the steps 
of providing a beam of ablative radiation; and varying a cross-sectional size of at least a 
portion of the beam by passing the beam through an adjustable beam shaper. 

Although the invention is largely described in conjunction with an adjustable iris 
15 beam shaper, such as an adjustable iris, which provides a beam having a cross-sectional 
opening which varies over time, various other beam-shaping devices can be used to 
effect changes in the depth of corneal ablation. For example, a succession of different 
apertures (e.g., on a wheel or moving band) can be presented in the beam path to change 
the beam dimensions. Analogous results can be obtained with a succession of miirors of 
20 diflferent sizes. Moreover, graded intensity masks, erodable masks and rotating beam 

modulators can likewise be employed to selectively transmit portions of the beam. To 
create astigmatic ablation profiles, the succession of apertures or mirrored surfaces can 
be elliptical in shape, the masking element can be astigmatic, the beam-shaper can be 
tilted, or a cylindrical lens can be added. Alternatively, the astigmatic component of the 
25 ablative profile can be achieved by an aspheric beam-swapping assembly. 

The method of the invention can fiirther include the steps of modifying the beam 
received from the adjustable beam shaper into a convoluted annular beam having an 
intensity profile which varies within the annulus of the beam; and applying the 
convoluted annular beam to the cornea to remove a selected volume of corneal tissue 

30 fix>m a region ofan optical zone ofthe cornea, thereby forming a reprofiled region which 
steepens, at least in part, a curvature of the cornea. 

In an embodiment, the step of applying the convoluted annular beam can further 

include applying the beam to create a blend zone in a peripheral region of the optical 

zone of the cornea, thereby permitting smooth transition between the reprofiled region 

35 and an unablated region of the cornea 

In other embodiments, the step of modifying the beam can include modifying the 

beam into a convoluted annular beam having, at least in part, a radially increasing 
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intensity profile, a radially decreasing intensity profile, and/or an intensity profile which 
first increases aiid then decreases as a fiinction of radial distance from an axis. 

In another embodiment, the step of modifying the beam can include modifying 
the beam into a convoluted beam having an intensity profile which varies radially within 
5 the annulus qf the beam in such a way as to compliment the forming of a reprofiled 
region in the optical zone of the cornea and the creation of a blend zone in the peripheral 
region of the optical zone of the cornea. 

The invention will next be described in connection with certain illustrated 
embodiments; however, it should be clear that those skilled in the art .can make various 

1 0 modifications, additions and subtractions without departing from the spirit or scope of 
the invention. It should also be noted that the invention can be used for procedures other 
than simply corneal reprofiling. For example, the present invention can be practiced in 
connection with corneal transplants where a donor button is inserted into the patient's 
eye. As part of such a procedure, the transplanted cornea can be reprofiled and then a 

1 5 blend zone created to smooth any discontinuities resulting from either the reprofiUng or 
the juncture of the donor button and the corneal transplant bed. 

In addition, the present invention can be used in the course of laser-assisted, in 
situ keratoplasty (also known as "LASIK" procedures) where a portion of the cornea 
(e.g., the epithelium, Bowman's membrane and the outermost layers of the stroma) is 

20 removed, a reprofiling procedure is then performed in the exposed stroma, and the 
excised layer is then reattached to the reprofiled surface of the corneal stroma. In this 
approach, the annular exposure beam can be used effectively to ensure that the reprofiled 
su-omal tissue does not have boundary effects that would prohibit re-attachment of the 
excised cap structure. 

25 

Brief Description of the Drawings 

The invention will now be described by way of example with reference to the 
accompanying drawings, like reference characters on the drawings indicatmg like parts 
in several figures, in which: 

30 

FIG. 1 is a schematic illustration of an apparatus for reprofiling the surface of a 
cornea in accordance with the present invention; 



35 



FIG. 2 is a more detailed illustration of a photokeratectomy system and 
illustrates the functioning of a beam-swapping assembly, in accordance with the present 
invention; 
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FIG. 3 illustrates the formation of a blend zone according to the present 
invention to alleviate surface discontinuities; 

FIG. 4 illustrates a beam-swapping assembly for use in the present invention; 

5 ■ 

FIG. 5 is an expanded view of the annulus-forming lens of the beam-swapping 
assembly of FIG. 4 with a roughly 5:1 horizontal scale expansion; 

FIG. 6A is an expanded view of a lens element of the beam-swapping assembly 
10 useful in producing a convoluted annular beam having a variable intensity profile; 

FIG. 6B is an expanded illustration of a lens element of the beam-swapping 
assembly for producing a variable intensity convoluted annulus of ablative radiation; 
and 

15 

FIG. 6C is yet another expanded illustration of an alternative embodiment of the 
convoluted annulus-producing lens of the beam-swapping assembly. 

Detailed Description 

20 The present invention for systems and methods for photorefiactive keratectomy 

can be used to provide an overall reprofiling of the corneal surface for hyperopia and 
astigmatism. In general, hyperopic conditions can be corrected by unparting a steeper 
curvature to the cornea overall. This can be achieved, for example, by exposing the 
optical zone generally (i.e., the central region of the cornea, approximately 2 millimeters 

25 to about 7 millimeters in diameter) to a succession of pulses of light energy while 

controlling the area exposed by each pulse, so as to successively change the exposure 
area. 

When an increase in convexity is required (e.g., to correct hyperopia), the 
peripheral regions are exposed to a greater extent than the central region, thereby leaving 
30 a "bulge" in the middle of the cornea by selective application of laser energy. In the 
practice of the present invention, hyperopia can be corrected by reprofiling the cornea to 
provide normal visual acuity over most of the optical zone. However, at the edge of the 
reprofiled region, a rim-like discontinuity will be created in the corned surface. 

Similar composite profiles can be achieved for correction of astigmatism. To 
35 achieve a correction of astigniatism^ the ablative radiation can be applied in an elliptical 
pattern to preferentially steepen the curvature along the mmor. (Alternatively, the 
ablative radiation is selectively applied to the eye, in accordance with the astigmatic axis 
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to preferentially flatten the curvature along the axis where the astigmatic bulge is 
present.) 

The source of ablative radiation can be is designed so as to produce pulses of 
light having substantially constant energy density, such that a known depth of surface 
5 material will be eroded for each pulse. By using relatively low power, only a 

microscopically thin layer of material will be removed in response to each pulse. By 
continual monitoring and feedback, a very accurate profiling of the cornea can be 
achieved. 

In order to locate the eye relative to the laser means, conventional suction rings 
1 0 or cups may be used, such as those provided by Steinway Instruments of San Diego, 
California, USA. Alternatively, modified vacuum-fixed stages can be used. In either 
event, the fixation means is typically applied to the white (sclera) region of the eye and 
connected to a low suction pressure sufficient to clamp the cup or stage to the eye but 
not so great that the comea is distorted. The cup or stage may then be fixed to further 
15 apparatus (in the present case, this will normally be the optical system of the laser) 
which will thereby be located accurately with respect to the eye. 

Alternatively, the patient can be asked to look at a fixation light source which 
transmits a fixation light ray to the eye along a path that is essentially coUinear with the 
ablation beam. The clinician can monitor the patient to ensure that the eye is fixed on 
20 the fixation light source, thereby allovsdng the beam to be transmitted to the eye along 
the visual axis which is essentially coincident with the optical axis (corneal apex) of the 
eye. 

Excimer lasers and halogen lasers operatmg to generate UV radiation are 
presently preferred for corneal ablation and, in particular, argon-fluoride (ArF) excuner 

25 lasers operation at about 1 93 nm are preferred. In medical uses such as corneal ablation, 
it is preferred to use an excimer laser which is designed for medical applications, (Other 
lasers such as HF, pulsed CO2, infrared lasers at wavelengths of about 2.6-3.1 ^un, 
EnYSGG and Er: YAG lasers may also be used.) In most instances, a laser which 
generates a low divergence beam is desirable. Low divergence can be achieved, for 

30 example, by incorporating an astable resonator into the laser cavity. 

The pulse repetition rate for the laser may be chosen to meet the needs of each 
particular application. Normally the rate will be between 1 and 500 pulses per second, 
preferably between 1 and 100 pulses per second. When it is desired to vary the beam 
size, the laser pulses may be stopped. Altematively, the beam size may be varied while 

35 the pulses continue. If a measurement device is used to monitor the erosion progress 
and control the laser system automatically, the beam size may be varied continuously at 
a controlled rate without interrupting the pulses. 
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Suitable irradiation intensities vary depending on the wavelength of the laser and 
the nature of the irradiated object. For any given wavelength of laser energy applied to 
any given material, there typically will be a threshold value of energy density below 
which significant erosion does not occur. Above the threshold density, there will be a 
5 range of energy densities over which increasing energy densities give increasing depths 
of erosion, until a saturation value is reached. For increases in energy density above the 
saturation value, no significant increase in erosion occurs. 

The threshold value and the saturation value can vary from wavelength to 
wavelength of laser energy and from one layer of the cornea to another layer. However, 
10 for any particular laser and any particular material, the values can be found readily by 
experiment. 

For example, in the case of eroding Bowman's membrane and stromal portions of 
the cornea by energy of wavelength 1 93 nm (the wavelength obtained from an ArF 
Excimer laser), the threshold value is about 40 mJ per cm^ per pulse, and the saturation 
1 5 value is about 250 mJ per cm^ per pulse. There appears to be littie benefit in exceeding 
the saturation value by more than a small factor, and suitable energy densities at tiie 
corneal surface are 50 mJ per cm2 to one J per cm^ per pulse for a wavelength of 1 93 
nm. 

The threshold value can vary very rapidly with wavelength, and at 1 57 nm, 

20 y/hich is the wavelength obtained from an F2 laser, the threshold is about 5 mJ per cm2 
per pulse. At this wavelength, suitable energy densities at the corneal surface are 5 mJ 
per cm^ to one J per cm^ per pulse. 

Most preferably, the laser system is used to provide an energy density at the 
surface to be eroded of slightly less than the saturation value. Thus, when eroding the 

25 cornea with a wavelengdi of 193 nm (under which conditions the saturation value is 250 
mJ per cm2 per pulse), it is preferable to provide; to the cornea pulses of an energy 
density of 90 to 220 mJ per cm^ per pulse. Typically, a single pulse will erode a depth 
in the range of about 0.1 to 1 micrometer of collagen from the cornea. 

In one clinical procedure, for example, a laser system capable of measurement 

30 and reprofiHng to create a region of greater curvature for correction of hyperopia 

includes one of the above-described laser sources, a beam-shaper, such an iris, a beam- 
swapping assembly, and a control unit. A surgical microscope can be employed to allow 
the surgeon to aim the laser correctiy. After initial setting up and alignment using tiie 
microscope , reprofiling is effected by appropriate operative signals from the control 

35 unit. 

Reprofiling of the cornea can be achieved by varying the shape and size of the 
ablative radiation beam so that different regions of the cornea receive diflFerent numbers 
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of pulses and are, therefore, eroded to a different extent. Since the normal surface of a 
cornea ls convex, the effect of a concave ablation profile effectively will be to flatten the 
surface of the cornea slightly. Flattening the surface of the cornea serves to decrease the 
refractive power of the eye. Conversely, increasing the curvature of the cornea by 
5 effecting a convex erosion pattern, increases the refractive power of the eye. 

In FIG. 1, a system for performing photorefractive keratectomy is shown, 
including a laser 12 which provides a radiation output 14. The system 10 can also 
include an initial beam-clipping aperture 16. The system 10 can also include a beam- 
forming assembly 20 which preferably operates to produce a coUimated beam of 

10 uniform cross-section and low divergence. (Beam-forming systems including 
anamorphic lens assemblies are disclosed in U.S. Patent No. 4,941,093, herem 
incorporated by reference.) The system 10 further includes a beam-shaper 24, such as an 
iris, for varying the size of the ablative beam or otherwise selectively transmitting 
portions of the ablative beam, and a beam-swapping assembly 26, for generating a 

15 convoluted beam of ablative radiation. Optionally, the system 10 further includes an 
optical relay assembly 28 which serves to either project or image the output of the beani- 
swiapping assembly 26 onto the surface of a cornea 22. 

The laser 12 can be powered and controlled by controller/power supply 30, 
which can be adjustable to cause the laser to produce pulses of light at a specific 

20 frequency and/or intensity. To further control the laser 12, a monitor 32 can be provided 
which receives measurement signals 34 from the beam-swapping assembly 26 and/or the 
cornea 22 while it is exposed to a radiation by the laser 12. The monitor 32 can generate 
a control signal which is communicated to the controller 30 for controlling the laser 12 
and/or optionally for controlling the beam-swapping assembly 26. 

25 In practice, the system 1 0 can operate to reprofile the surface of the cornea 22 to 

correct refractive errors in vision, such as hyperopia or astigmatism. In such procedures, 
the beam-sh£q[)er 24 can vary a cross-sectional size of at least a portion of the ablative 
beam 1 4 between a first diameter to a second diameter. 

If the ablative beam was then transmitted directly from the beam-shaper 24 to the 

30 cornea of the eye, the central region of the eye would receive more pulses and 

consequently would erode to a greater extent than the surrounding peripheral regionis, as 
the beam-shaper 24 was opened. In the present invention, however, the ablative beam 
14 passes through the opening of the beam-shaper 24 is received and modified by the 
beam-swapping assembly 26. The beam-swapping assembly 26 "swaps" or refracts rays 

35 in the outer segments of the ablative radiation beam, i.e., at a relatively large distance 
from the optical axis, such that they are in inner segments of the annular beam, i.e., at a 
relatively smaller distance from the optical axis. The beam-swapping assembly 26 also 



wo 98/41178 



PCT/US98/0371I 



-12- 

swaps or refracts rays in inner segments of the ablative radiation beam such that they are 
in outer segments of the annular beam. 

In addition, the beam-swapping assembly 26 can modify the ablative radiation 
beam such that the convoluted annular beam emitted from the assembly has an intensity 
5 which varies radially within the annulus of the beam. The inner segment of the annular 
ring is applied to the cornea to remove a selected volume of corneal tissue from a region 
. in an optical zone of the comea, thereby forming a reprofiled region which steepens, at 
least in part, a curvature of the cornea. The tapered outer edge of the annular ring is 
applied to a peripheral region of the optical zone of the cornea to create a blend zone 
10 between the outer edge ofthe reprofiled region ofthe cornea and the peripheral 
unablated corneal surface. 

Accordingly, after a period of time, the beam-shq)er 24 and the beam-swapping 
assembly 26 transmit more and/or relatively higher intensity ablative radiation pulses to 
the outer regions of the optical zone of the cornea. Consequently, the system 10 erodes 

15 a greater volume of corneal tissue from the outer regions ofthe optical zone ofthe 

cornea than the central region of the optical zone. Thus, the actual profile ofthe eroded 
surface ofthe cornea can be steepened in a controlled manner, by controlling the number 
of the pulses transmitted through each setting ofthe beam-shaper 24 and/or by 
modifying the intensity profile of the annular beam emitted from the beam-swapping 

20 assembly 26. In addition, the creation of a blend zone between the outer edge ofthe 
reprofiled region of the cornea and the peripheral unablated corneal surface ensures that 
a smooth corneal surface is preserved to promote epithelial cell regrowth and to 
minimize the degree to which healing processes induce regressive refractive changes. 
Where differential erosion is to be effected parallel to a line rather than around a 

25 point, an astigmatic optical relay assembly 28 can serve to either project or image the 
output ofthe beam-shaper 24 and the beam-swapping assembly 26 into an asymmetric 
ablation profile onto the surface of the cornea 22. Such techniques can be employed on 
a cornea to correct astigmatism and the like. Alternatively, the beam-shaper 24 can be 
fitted to form an elliptical beam. 

30 An automatic feedback control system can be provided in which the output from 

a measuring device for measuring the shape or an optical property of the eye is used to 
control the delivery of pulses of laser energy. Alternatively, the desired surface profile 
may be obtained through erosion by a successive approximation technique. In this 
technique, a measuring device is used to determine the desired change in the profile of 

35 the surfece. Pulses of laser energy aire delivered to the surface so as to bring about 
slighdy less than the desired alteration. The measuring device is used again to 
determine the correction now needed to reach the desired profile, and further pulses of 
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laser energy are provided accordingly to produce slightly less than the total calculated 
correction. This process is repeated until the eroded suriface acquires the desired profile 
to a suitable degree of accuracy. 

Suitable measurement devices, commonly called keratometers, are known and 
5 commercially available. Examples of such devices include the "Photokeratoscope" 
manufactured by the Sun Contact Lens Company of Kyoto, Japan, and the 
"Comeascope" manufactured by International Diagnostic Instruments Limited, Broken 
Arrow, Oklahoma, USA. (See also, Klyce, "Computer Assisted Corneal Topography," 
Vol. 25, Invest. Ophthalmol. Vis. Sci. . p, 1435 (1984) for a comparison of these 

1 0 instruments and a method of using the "Photokeratoscope"). 

In FIG. 2, an embodiment of a photorefractive keratectomy system is shown for 
hyperopia correction. The beam-shaper 24 is shown with an open aperture 35. The 
beam of ablative radiation is transmitted through the beam-shaper 24 into the beam- 
swapping assembly 26. Rays in an inner portion 36 of the beam are swapped in the 

15 beam-swapping assembly 26 and applied to an outer region of the optical zone 38 of the 
cornea 22. In practice of the invention, the ablative beam which passes through beam 
shaper 24 can be varied in size from dl to d2 over time and a grieater number of pulses 
can be applied to outer regions of the optical zone of the cornea 22. 

The beam-shaper 24 and the beam-swapping assembly 26 can operate to create 

20 hyperopia correction in a selected portion of the cornea 22 by increasing the curvature of 
the cornea in this region. A large aperture of the beam-shaper 24 is employed to ablate 
all (or a substantial portion) of the epithelial layer of the cornea 22 in the selected region 
of the optical zone so as to expose the surface of Bowman's membrane. 

An annular ablation region is then created in Bowman's membrane. A narrower 

25 annular ring of further ablation is then created, to create a steepened curvature. Thus, a 
beam-shaper aperture opening between dl and d2 is employed to create a ring-like, 
ablation zone which is swapped to the periphery of the optical zone so as to create a 
"halo-like" profile of ablation, thereby steepening the curvature of the cornea upon 
regrowth of the epithelial layer over the re-sculpted corneal surface. 

30 It should be clear that some hyperopia (or astigmatic) corrections will require 

deeper ablation and penetrate into the stroma proper. In some applications, it may be 
desirable to remove a centicular portion of the cornea (including Bowman's membrane) 
and perform the entire procedure in the stroma, and then reattach the centicular portion 
over the reprofiled surface. It should also be clear that the actual procedure is carried 

35 out with a substantially greater number of steps than the three steps described above to 
achieve a smooth curve and minimize the step-effects. Additionally, the order of the 
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steps can be reversed, e.g., by starting with a very narrow peripheral ablation ring and 
then gradually increasing inwardly the thickness of the annular beam. 

Regardless of the technique, however, a surface discontinuity may result. For 
hyperopic corrections, this surface discontinuity will manifest itself as a rim or groove in 
5 the cornea at the boundary between the ablated and unablated regions. For astigmatic 
corrections, the discontinuity may be an arcuate groove. Upon completion of the laser 
surgery, the epithelium will attempt to regrow with a uniform thickness over the 
reprofiled surface. However, when it encounters a surface discontinuity, such as the 
edge effect, difficulties arise. Either the epithelium is unable to regrow properly or it 

10 will tend to fill in the groove with additional layers of cells and thereby reduce the 
effectiveness of the corneal reprofiling operation. 

Therefore, it is desirable to create a blend zone SO as shown in FIG. 3. The blend 
zone SO ensures that the new curvature is maintained within the optical zone while 
creating a new curve at the periphery that allows a smooth transition to occur between 

IS the ablated and unablated regions of the comea 22. 

In FIG. 4, another beam-swapping assembly 26A for generating a convoluted - 
annular beam of radiation is shown consisting of a lens element 52 and, optionally, a 
second collimating lens 54. Lens 52 is designed to convert the input laser radiation 14 
into an annular beam. This annular beam is then projected by lens 54 onto the comea. 

20 (It should be clear that various other lens elements can be employed either in place of 
lens 54 or in addition to lens 54 in order to relay the annular beam to the eye. Such lens 
systems can either be projection-mode optical systems or imaging systems.) 

In FIG. 5, the lens element 52 is shown in an expanded shape (with the 
horizontal dimensions being enlarged in order to illustrate the shape of the front and rear 

25 faces of the lens). As shown, the front face of lens 52 includes a conical section 56 and 
a flat central region 58. The size of this flat central region 58 is variable, depending 
upon the shape of the annulus desired. In some instances, it may be preferable to treat 
this flat region central 58 with a reflective coating. The rear face of lens 60 has a slight 
curved surface 62. In one preferred embodiment, the conical front face 56 and the 

30 curved rear face 62, can cooperate to generate a convoluted aimulus of radiation and to 
insure that the radiation intensity profile will vary radially within the annulus of the 
beam. (Alternatively, lens element 52 can be designed to provide a beam-swapping 
function with a uniform mtensity profile, and, thus, can be useful in more general 
corneal reshaping systems, e.g., as element 26 in FIG. 2 above.) 

35 In FIG. 6A, another alternative embodiment of 52A of the above-described 

annulus-generating lens is generated. In this embodiment, the front face of the lens has a 
slightly curved surface. In FIG. 7B, a further embodiment 52B is illustrated in which 
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the rear face has a complex curved surface. The designs of FIGS. 6A and 6B are useful 
to generate moid complicated ablation profiles. For example, such profiles can be 
designed by appropriate choice of either the front or rear surface, or both, to compliment 
any ablation profile that will be subsequently be formed in the eye (or may have already 
5 been formed jn the eye) as part of the curvature correcting process. In FIG. 6C, a further 
alternative embodiment 52C is shown in which the flat or truncated cone region on the 
front face of the lens has been replaced with a hemispherical reflector 59. This 
hemispherical reflector can be useful to scatter the radiation impinging on the center of 
the lens in such a way that it can be rapidly absorbed by traps (not shown) in the 

10 surrounding support structure. 

In sum, the present invention benefits from the recognition that a beam-swapping 
assembly can be used in conjunction with a beam-shaper to create convoluted ablation 
patterns of Variable depth and, thereby; perform hyperopia and/or astigmatism correcting 
procedures. The systems and methods of the present invention have several advantages 

1 5 over the prior art. For example, the present invention allows hyperopia correction 

without the necessity of larger and/or more powerful lasers. The present invention also 
allows optical correction along with the creation of a blend zone with less waste of 
energy and an overall shorter procedure time. 

It will be understood that the above description pertains to only several 

20 embodiments of the present invention. That is, the description is provided by way of 
illustration and not by way of limitation. For example, many different devices may be 
used for shaping the beam of ablative radiation, as discussed above. The invention is 
further characterized according to the foUovdng claims. 

25 In the claims: 
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1. Aphotorefractivekeratectomy system for correction of hyperopia of a 
cornea of an eye of a patient comprising: 

a radiation source for emitting a beam of ablative radiation; 

an adjustable beam-shaper for receiving the beam and for selectively transmitting 
5 at least a portion of the beam; 

a beam-swapping assembly for modifying the beam passing through the beam- 
shaper into a convoluted annular beam of radiation, and for applying the convoluted 
annular beam to the cornea to remove a selected volume of corneal tissue from a region 
m an optical zone of the cornea with the ablative radiation, thereby forming a reprofiled 
1 0 region which steepens at least in part, a curvatune of the cornea. 

2. The system of claim i, wherein beam-swapping assembly further 
comprises a lens element having a front face and a rear face, the fix)nt face being conical 
such that a light beam incident on the front face along an optical axis will be refracted 

IS into the convoluted annular beam. 

3 . The system of claim 2, wherein the front face of the lens element of the 
beam-swapping assembly has a non-linear surface for varying the intensity profile of the 
convoluted annular beam. 

20 

4. The system of claim 2, wherein the rear face of the lens element of the 
beam-swapping assembly has a non-lineiar surface for varying the intensity profile of the 
convoluted annular beam. 

25 5. A method of photorefractive keratectomy for hyperopia correction of a 

cornea of an eye of a patient comprising: 

providing a beam of ablative radiation; 

selectively transmitting at least a portion of the beam by passing the beam 
through a beam-shaper; 

30 modifying the beam received from the adjustable beam-shaper into a convoluted 

annular beam; 

applying the convoluted annular beam to the cornea to remove a selected volume 
of corneal tissue from a region of an optical zone of the cornea, thereby forming a 
reprofiled region which steepenis, at least in part, a curvature of the cornea. 



35 



6. The method of claim 5, wherein the step of applying the convoluted 
annular beam further comprises applying a convoluted beam having an intensity profile 
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which varies radially within the annulus of the beam to create a blend zone in a 
peripheral region of the optical zone of the cornea, thereby permitting a smooth 
transition between the reprofiled region and an unablated region of the cornea. 

5 7. The method of claim 5, wherein the step of modifying comprises 

modifying the beam into the convoluted annular beam having, at least in part, a radially 
increasing intensity profile. 

8. The method of claim 5, wherein the step of modifying comprises 

1 0 modifying the beam in the convoluted annular beam having, at least in part, a radially 
decreasing intensity profile. 

9. The method of claim 5, wherern the step of modifying comprises 
modifymg the beam into the convoluted annular beam having an intensity profile which 

1 5 first increases and then decreases as a function of radial distance fi*om an axis. 

1 0. The method of claim 7, wherein the step of modifying the beam further 
comprises modifying the beam into the convoluted annular beam having an mtensity 
profile which varies radially within the annulus of the beam in such a way as to 

20 compliment the forming of a reprofiled region in the optical zone of the cornea and the 
creation of a blend zone in the peripheral region of the optical zone of the cornea. 

11. An optical element, having a predetermined index of refraction, a first 
surface for receiving light and a second surface torn which light exits, the optical 

25 element refracting a light beam incident along an optical axis into an annular beam 
having an intensity that varies radially within the annulus of the beam, 

12. The optical element of claim 1 1 wherein the optical element is a lens 
element having a fi-ont face and a rear face, the front face being conical such that a light 

30 beam incident on the front face along an optical axis will be refiracted into the annular 
beam. 

1 3 . The optical element of claim 1 1 wherein the intensity profile of the 
annular beam is varied by a non-linear surface of the firont face. 

35 

14. The optical element of claim 1 1 wherein the intensity profile of the 
annular beam is varied by a non-linear surface of the rear face. 
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IS. The optical element of claim 1 1 wherein the element further operates to 
form a convoluted beam. 
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